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@ Ultrasonic densitometer device and method. 

@ An ultrasound densitometer for measuring the physical 
properties and integrity of a member in vivo includes a transmit 
transducer from which acoustic signals are transmitted, and a 
receive transducer which receives the acoustic signals after 
they have been transmitted through the member and/or a 
material with known acoustic properties. The densitometer 
allows the physical properties of a member to be measured 
without having to determine the distance between the transdu- 
cers. The densitometer is able to measure the physical 
properties and integrity of the member from the transit time of 
acoustic signals through the member and/or by determining the 
absolute attenuation of at least one specific frequency 
component of acoustic signals transmitted through the mem- 
ber. 
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Descripti n 

ULTRASONIC DENSITOMETER DEVICE AND METHOD 



Background of the Invention 5 



1. Field of the Invention 

The present invention relates to devices which are 
used for measuring the density of members, such as 10 
bones, and more particularly to devices which utilize 
ultrasonic acoustic signals to measure the physical 
properties and integrity of the members. 

2. Description of the Prior Art 15 
Various devices presently exist which may be 

used to measure the physical properties and 
integrity of a member such as a bone. Non-invasive 
density measuring devices can be used to determine 
cumulative internal damage caused by micro-crush- 20 
ing and micro-fracturing occurring in the bones of 
humans or animals such as race horses. Addition- 
ally, osteoporosis, or loss of bone mineralization, 
detection in humans and its cure or prevention are 
increasingly becoming areas of intense medical and 25 
biological interest. As the average age of the human 
population increases, a greater number of patients 
are developing complications due to rapid trabecular 
bone loss. 

U.S. Patent No. 3,847,141 to Hoop discloses a 30 
device for measuring the density of a bone structure, 
such as a finger bone or heel bone, to monitor the 
calcium content thereof. The device includes a pair 
of opposed spaced ultrasonic transducers which are 
held within a clamping device clamped on the bone 35 
being analyzed. A pulse generator is coupled to one 
of the transducers to generate an ultrasonic sound- 
wave which is directed through the bone to the other 
transducer. An electric circuit couples the signals 
from the receive transducer back to the pulse 40 
generator for retriggering the pulse generator in 
response to those signals. The pulses therefore are 
produced at a frequency proportional to the transit 
time that the ultrasonic wave takes to travel through 
the bone structure, which is directly proportional to 45 
the speed of the sound through the bone. The speed 
of sound through a bone has been found to be 
proportional to the density of the bone. Thus the 
frequency at which the pulse generator is retrig- 
gered is proportional to the density of the bone. 50 

Another device and method for establishing, in 
vivo the strength of a bone is disclosed in U.S. 
Patents Nos. 4,361,154 and 4,421,119 to Pratt, Jr. 
The device includes a launching transducer and a 
receiving transducer which are connected by a 55 
graduated vernier and which determine the speed of 
sound through the bone to determine its strength. 
Th vernier is used to measure the total transit 
distance between the surfaces of the two transdu- 
cers. 60 

Lees (Le s, S. (1986) Sonic Properties of Min- 
eralized Tissue, Tissue Characterization With Ultra- 
sound , CRC publication 2, pp. 207-226) discusses 



various studies involving attenuation and speed of 
sound measurements in both cortical and spongy 
(cancellous or trabecular) bone. The results of these 
studies reveal a linear relationship between the wet 
sonic velocity and wet cortical density, and between 
the dry sonic velocity and the dry cortical density. 
The transit times of an acoustic signal through a 
bone member therefore are proportional to the bone 
density. Langton, et al. (Langton, C.M., Palmer, S.D., 
and Porter, S.W., (1984) The Measurement of Broad 
Band Ultrasonic Attenuation in Cancellous Bone, 
Eng. Med ., 13, 89-91) published the results of a 
study of ultrasonic attenuation versus frequency in 
the os calcis (heel bone) that utilized through 
transmission techniques. These authors suggested 
that attenuation differences observed in different 
subjects were due to changes in the mineral content 
of the os caicis. They also suggested that low 
frequency ultrasonic attenuation may be a parameter 
useful in the diagnosis of osteoporosis or as a 
predicter of possible fracture risk. 



Summary of the Invention 

The present invention is summarized in that an 
ultrasound densitometer for measuring the physical 
properties and integrity of a member in vivo , 
includes: a transmit transducer from which acoustic 
signals having at least one specific frequency 
component are transmitted through the member and 
through a material with known acoustic properties; a 
receive transducer which receives the acoustic 
signals after they have been transmitted through the 
member; means connected to said transducers for 
determining a member transit time of the acoustic 
signals through the member and/or for determining 
an absolute attenuation of at least one individual 
specific frequency component of the acoustic 
signals through the member, and for determining a 
material transit time of the acoustic signals through 
the material and/or for determining an absolute 
attenuation of at least one corresponding individual 
specific frequency component of the acoustic 
signals through said material. 

Alternatively, the transmit transducer may trans- 
mit acoustic signals through the member, and the 
receive transducer receive acoustic signals after 
they have been transmitted through the member, the 
densitometer including a microprocessor with a 
database of normal transit times; means for select- 
ing one of said normal transit times; means for 
making a mathematical comparison of said member 
transit time to the selected normal transit time; and 
means for relating said mathematical comparison to 
the physical properties and integrity of said member. 
Each of the normal transit times in the database may 
be dependent upon the age, height, weight, race, or 
sex of the individual being tested, or on the distance 
between the transducers, or on the thickness or size 
of the member. 
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A primary object of the invention is to provide an 
ultrasound densitometer device and method for 
measuring the physical properties and integrity of a 
member in vivo by determining the transit tim of 
ultrasonic acoustic signals through the member 
quickly, efficiently and easily. 

A second object of the invention is to provide an 
ultrasound densitometer device and method for 
measuring the physical properties and integrity of a 
member in vivo by comparing the transit time of 
ultrasonic acoustic signals through the member with 
the transit time of the acoustic signals through a 
material with known acoustic properties. 

An additional object of the invention is to provide 
an ultrasound densitometer device and method for 
measuring the physical properties and integrity of a 
member in vivo by determining the absolute attenua- 
tion of specific frequency components of ultrasound 
acoustic signals through the member. 

A further object of the invention is to provide an 
ultrasound densitometer device and method for 
measuring the physical properties and integrity of 
the member in vivo by comparing the absolute 
attenuation of specific frequency components of 
ultrasound acoustic signals through the member 
with the absolute attenuation of corresponding 
frequency components of acoustic signals through a 
material of known acoustic properties. 

Another object of the invention is to provide an 
ultrasound densitometer device and method of 
measuring the physical properties and integrity of a 
member in vivo by comparing the transit time of 
ultrasonic acoustic signals through the member with 
a selected normal transit time selected from a 
database of normal transit times which are depend- 
ent upon the age, height, weight, race, or sex of an 
individual being tested, and also upon the distance 
between the transducers or the size of the member. 

Yet an additional object of the invention is to 
provide ultrasound densitometer device and method 
for measuring the physical properties and integrity of 
a bone member in vivo which can display the density 
of the member and a digital composite member 
waveform of the received acoustic signal on a digital 
display. 

Yet an additional object of the invention is to 
provide an ultrasound densitometer device and 
method for measuring the physical properties and 
integrity of a member in vivo which device has a 
transmit and a receive transducer which can each 
include an array of a plurality of elements, whereby 
the acoustic signals received by one or more of the 
receive elements may be analyzed to determine a 
relative position with respect to the member of each 
of the acoustic signals received by the receive 
elements. 

Other objects, features and advantages of the 
invention will be apparent from the following detailed 
description taken in conjunction with the accompa- 
nying drawings wherein a preferred embodiment of 
the invention has been selected for exemplification. 



Brief Description of the Drawings 



Fig. 1 is a perspective view of the ultrasound 
densitometer device constructed in accord- 
ance with the present invention. 
5 Fig. 2 is a perspective view of an acoustic 

coupler, two of which are shown in Fig. 1 . 

Fig. 3 is a front view of a transducer face from 
which acoustic signals are transmitted or by 
which acoustic signals are received, the face of 
10 the other transducer being the mirror image 

thereof. 

Fig. 4 is a schematic block diagram view of 
the circuitry of the ultrasound densitometer 
device constructed in accordance with th 
15 present invention. 

Fig. 5 illustrates the method of sampling a 
received waveform used by the circuit of Fig. 4. 

Fig. 6 is a schematic block diagram view of 
the circuitry of an alternative embodiment of an 
20 ultrasound densitometer constructed in ac- 

cordance with the present invention. 

Fig. 7 is a sample of an actual ultrasonic pulse 
and response from an ultrasonic densitometer 
according to the present invention. 
25 Fig. 8 is a sample plot of relative ultrasound 

pulse intensity over frequency range. 

Fig. 9 is a graph in frequency domain 
illustrating the shift in alternation versus fre- 
quency characteristic of a measured object as 
30 compared to reference. 



Description of the Preferred Embodiment 

35 Referring more particularly to the drawings, 
wherein like numbers refer to like parts, Fig. T shows 
a portable ultrasound densitometer 10 for measuring 
the physical properties and integrity of a member, 
such as a bone, in vivo . The densitometer 10 as 

40 shown in Fig. 1 includes a handle 11 with actuator 
button 12. Extending linearly from the handle 11 is a 
connection rod 13. The densitometer 10 also 
includes a fixed arm 15 and an adjustable arm 16. 
The fixed arm 15 preferably is formed continuously 

45 with the connection rod 13, and therefore is 
connected to an end 17 of the connection rod 13. 
The adjustable arm 16 is siidably mounted on the 
connection rod 13 between the handle 11 and a 
digital display 18 mounted on the rod 13. The knob 

50 19 may be turned so as to be locked or unlocked to 
allow the adjustable arm 16 to be slid along the 
connection rod 13 so that the distance between the 
arms 15 and 16 may be adjusted. 

Connected at the end of the fixed arm 15 is a first 

55 (left) transducer 21 and at the end of the adjustable 
arm 16 is a second (right) transducer 21. As shown 
in Figs. 1 and 2, each of the transducers 21 has 
mounted on it a respective compliant acoustic 
coupler 23 to acoustically couple the transducer to 

60 the object being tested. The acoustic coupler 23 
includes a plastic ring 24 and attached pad 26 
formed of urethane or other compliant material. 
Figur 3 shows a face 28 of the first (left) transducer 
21 which is normally hidden behind the compliant 

65 pad 26 of the acoustic coupler 23. The transducer 
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face 28 normally abuts against the inner surface 29 
of the pad 26 shown in Fig. 2. The transducer face 28 
shown in Fig. 3 includes an array of twelve 
transducer elements labeled a-l. The second (right) 
transducer 21 includes a face 28 which is the mirror 
image of that shown in Fig. 3. 

Figure 4 generally shows in schematic fashion the 
electronic circuitry 31 of the densitometer 10, which 
is physically contained in the housing of the digital 
display 18. An object 32 is piaced between the two 
transducers 21 so that acoustic signals may be 
transmitted through the object. This object 32 
represents a member, such as a bone, or some 
material with known acoustic properties such as 
distilled water or a neoprene reference block. As 
shown in the embodiment illustrated in Fig. 4, the 
leftmost transducer 21 is a transmit transducer and 
th rightmost transducer 21 a receive transducer. In 
fact though, either or both of the transducers 21 may 
be a transmit and/or receive transducer. The 
transmit and receive transducers 21 of the circuit of 
Fig. 4 are connected by element select signals 36 
and 37 to a microprocessor 38. The microprocessor 
38 is programmed to determine which one of the 
r spective pairs of transducer elements a through I 
are to be transmitting and receiving at any one time. 
This selection is accomplished by the element select 
signal lines 36 and 37, which may be either multiple 
signal lines or a serial data line to transmit the 
n eded selection data to the transducers 21. The 
microprocessor 38 is also connected by a data and 
address bus 40 to the digital display 18, a digital 
signal processor 41, a sampling analog to digital 
converter 42, and a set of external timers 43. The 
microprocessor 38 has "on board" electrically 
programmable non-volatile random access memory 
(NVRAM) and, perhaps as well, conventional RAM 
m mory, and controls the operations of the densi- 
tometer 10. The digital signal processor 41 has "on 
board" read-only memory (ROM) and performs 
many of the mathematical functions carried out by 
the densitometer 10 under the control of the 
microprocessor 38. The digital signal processor 41 
specifically includes the capability to perform dis- 
cr te Fourier transforms, as is commercially avail- 
abl in integrated circuit form presently, so as to be 
abl to convert received waveform signals from the 
time domain to the frequency domain. The micropro- 
cessor 38 and digital signal processor 41 are 
interconnected also by the control signals 45 and 46 
so that the microprocessor 38 can maintain control 
over the operations of the digital signal processor 41 
and receive status information back. Together the 
microprocessor 38 and the digital signal processor 
41 control the electrical circuit 31 so that the 
d nsitorneter 10 can carry out its operations, which 
will be discussed below. An auditory feedback 
mechanism 48, such as an audio speaker, can be 
connected to the microprocessor 38 through an 
output signal 49. 

The external timer 43 provides a series of clock 
signals 51 and 52 to the A/D converter 42 to provide 
time information to the A/D converter 42 so that it 
will sample at timed intervals electrical signals which 
it receives ultimately from the transmit transducer, in 



accordance with the program in the microprocessor 
38 and the digital signal processor 41. The external 
timer 43 also create a clock signal 53 to an excitation 
amplifier 55. Timed pulses are generated by the timer 
5 43 and sent through the signal line 53 to the amplifier 
55 to be amplified and directed to the transmit 
transducer 21 through the signal line 56. The 
transmit transducer 21 converts the amplified pulse 
into an acoustic signal which is transmitted through 

10 the object or material 32 to be received by the 
receive transducer 21 which converts the acoustic 
signal back to an electrical signal. The electrical 
signal is directed through output signal 57 to a 
receiver amplifier 59 which amplifies the electrical 

15 signal. 

The excitation amplifier circuit 55 is preferably a 
digitally controllable circuit designed to create a 
pulsed output. The amplification of the pulse can be 
digitally controlled in steps from one to ninety-nine. 
20 In this way, the pulse can be repetitively increased in 
amplitude under digital control until a received pulse 
of appropriate amplitude is received at the receiver/ 
amplifier circuit 59, where the gain is also digitally 
adjustable. 

25 Connected to the receiver amplifier circuit 59 and 
integral therewith is a digitally controllable automatic 
gain control circuit which optimizes the sensitivity of 
the receive transducer 21 and the amplifer circuit 59 
to received acoustic signals. The microprocessor 38 

30 is connected to the amplifier circuit and automatic 
gain control 59 through signal line 60 to regulate the 
amplification of the amplifier circuit and gain control 
59. The amplified electric signals are directed 
through lead 61 to the A/D converter 42 which 

35 samples those signals at timed intervals. The A/D 
converter 42 therefore in effect samples the re- 
ceived acoustic signals. As a series of substantially 
identical acoustic signals are received by the receive 
transducer 21, the A/D converter 42 progressively 

40 samples an incremental portion of each successive 
signal waveform. The microprocessor 38 is pro- 
grammed so that those portions are combined to 
form a digital composite waveform which is nearly 
identical to a single waveform. This digitalized 

45 waveform may be displayed on the digital display 18, 
or processed for numerical analysis by the digital 
signal processor 41. 

The densitometer constructed in accordance with 
Figs. 1-4 can be operated in one or more of several 

50 distinct methods to measure the physical properties 
of the member, such as integrity or density. The 
different methods, as described in further detail 
below, depend both on the software programming 
the operation of the microprocessor 34 as well as 

55 the instructions given to the clinician as to how to 
use the densitometer. The different methods of use 
may all be programmed into a single unit, in which 
case a user-selectable switch may be provided to 
select the mode of operation, or a given densi- 

60 torn ter could be constructed to be dedicated to a 
single mode of use. In any event, for the method of 
use of the densitometer to measure the physical 
properties of a member to be fully understood, it is 
first necessary to understand the internal operation 

65 of the densitometer itself. 
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in any of its methods of use. the densitometer is 
intended to be placed at some point in the process 
on the memb r whose properties are being 
measured. This is done by placing the transducers 
21 on the opposite sides of the member. To 
accomplish this, the knob 19 is loosened to allow the 
adjustable arm 16 to b moved so that the 
transducers 21 can be placed on opposite sides of 
the member, such as the heel of a human patient. 
The outside surfaces of the pads 26 can be placed 
against the heel of the subject with an ultrasound gel 
35 or other coupling material placed between the 
pads 26 and subject 32 to allow for improved 
transmission of the acoustic signals between the 
member 32 and transducers 21. Once the transdu- 
cers 21 are properly placed on the member, the 
knob 19 may be tightened to hold the adjustable arm 
16 in place, with the transducers 21 in spaced 
relation to each other with the member 32 therebet- 
ween. The actuator button 12 may then be pressed 
so that acoustic signals will be transmitted through 
the member 32 to be received by the receive 
transducer 21. The electronic circuit of Fig. 4 
receives the electrical signals from the receive 
transducer 21, and samples and processes these 
signals to obtain information on the physical proper- 
ties and integrity of the member 32 in vivo . The 
microprocessor 38 is programmed to indicate on the 
digital display 18 when this information gathering 
process is complete. Alternatively, the information 
may be. displayed on the digital display 18 when the 
information gathering process is completed. For 
example, the transit time of the acoustic signals 
through the member 32 could simply be displayed on 
the digital display 18. 

Considering in detail the operation of the circuitry 
of Fig. 4, the general concept is that the circuitry is 
designed to create an ultrasonic pulse which travels 
from transmit transducer 21 through the subject 32 
and is then received by the receive transducer 21. 
The circuitry is designed to both determine the 
transit time of the pulse through the member 32, to 
ascertain the attenuation of the pulse through the 
member 32, and to be able to reconstruct a digital 
representation of the waveform of the pulse after it 
has passed through the member 32, so that it may 
be analyzed to determine the attenuation at selected 
frequencies. To accomplish all of these objectives, 
the circuitry of Fig. 4 operates under the control of 
the microprocessor 38. The microprocessor 38 
selectively selects, through the element select signal 
lines 36, a corresponding pair or a group of the 
elements a through I on the face of each of the 
transducers 21. The corresponding elements on 
each transducer are selected simultaneously while 
the remaining elements on the face of each 
transducer are inactive. With a given element, say for 
example element a selected, the microprocessor 
then causes the external timer 43 to emit a pulse on 
signal line 53 to the excitation amplifier circuit 55. 
The output of the excitation amplifier 55 travels along 
signal line 56 to element a of the transmit transducer 
21 , which thereupon emits the ultrasonic pulse. The 
corresponding element a on the receive transducer 
21 receives the pulse and presents its output on the 



signal line 57 to the amplifier circuit 59. What is 
desired as an output of the A/D converter 42 is a 
digital representation of the analog waveform which 
is the output of the single transducer el ment which 
5 has been selected. Unfortunately, "real tim " samp- 
ling A/D converters which can operat rapidly 
enough to sample a waveform at ultrasonic frequen- 
cies are relatively expensive. Therefore it is preferred 
that the A/D converter 42 be an "equivalent time" 

10 sampling A/D converter. By "equivalent time 0 samp- 
ling, it is meant that the A/D converter 42 samples 
the output of the transducer during a narrow time 
period after any given ultrasonic puise. The general 
concept is illustrated in Fig. 5. The typical waveform 

15 of a single pulse received by the receive transducer 
21 and imposed on the signal line 57 is indicated by a 
function T\ The same pulse is repetitively received 
as an excitation pulse is repetitively launched. Th 
received puise is sampled at a sequence of time 

20 periods labeled to-tio. In other words, rather than 
trying to do a real-time analog to digital conversion 
of the signal f , the signal is sampled during individual 
fixed time periods to-tio after the transmit pulse is 
imposed, the analog value during each time period is 

25 converted to a digital function, and that data is 
stored. Thus the total analog wave form response 
can be recreated from the individual digital values 
created during each time period t, with the overall 
fidelity of the recreation of the wave form dependent 

30 on the number of time periods t which are sampled. 
The sampling is not accomplished during a single 
reai time pulse from the receive transducer 21. 
Instead, a series of pulses are emitted from the 
transmit transducer 21. The external timer is con- 

35 structed to provide signals to the sampling A/D 
converter 42 along signal lines 51 and 52 such that 
the analog value sampled at time period to when the 
first puise is applied to a given transducer element, 
then at time ti during the second pulse, time t2 

40 during the third pulse, etc. until all the time periods 
are sampled. Only after the complete waveform has 
been sampled for each element is the next element, 
i.e. element b, selected. The output from the A/D 
converter 42 is provided both to the microprocessor 

45 38 and to the signal processor 41. Thus the digital 
output values representing the complex waveform f 
of Fig. 5 can be processed by the signal processor 
41 after they are compiled for each transducer 
element. The waveform can then be analyzed for 

50 time delay or attenuation for any given frequency 
component with respect to the characteristic of the 
transmitted ultrasonic pulse. The process is then 
repeated for the other elements until all elements 
have been utilized to transmit a series of pulses 

55 sufficient to create digital data representing the 
waveform which was received at the receive trans- 
ducer array 21. It is this data which may then be 
utilized in a variety of methods for determining the 
physical properties of the member, and determining 

60 on the manner in which the densitometer is being 
utilized, and the data being sought, the appropriate 
output can be provided from either the microproces- 
sor 38 or the signal processor 41 through the digital 
display 18. 

65 Because the ultrasonic pulsing and sampling can 
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be performed so rapidly, at least in human terms, the 
process of creating a sampled ultrasonic received 
puis can optionally be r peated several tim s to 
reduce noise by signal averaging. If this option is to 
be implemented, th process of repetitively launch- 
ing ultrasonic pulses and sampling the received 
waveform as illustrated in Fig. 5 is repeated one or 
more times for each element in the array before 
proceeding to the next element. Then the sampled 
waveforms thus produced can be digitally averaged 
to produce a composite waveform that will have a 
lesser random noise component than any single 
sampled waveform. The number of repetitions 
necessary to sufficiently reduce noise can be 
determined by testing in a fashion known to one 
skilled in the art. 

Having thus reviewed the internal operation of the 
densitometer of Figs. 1-4, it is now possible to 
understand the methods of use of the densitometer 
to measure the physical properties of the member. 
The first method of use involves measuring transit 
time of an ultrasonic pulse through a subject and 
comparing that time to the time an ultrasonic pulse 
requires to travel an equal distance in a substance of 
known acoustic properties such as water. To use the 
densitometer in this procedure, the adjustable arm 
16 is adjusted until the member of the subject, such 
as the heel, is clamped between the transducers 21. 
Th n the knob 19 is tightened to fix the adjustable 
arm in place. The actuator button 12 is then pressed 
to initiate a pulse and measurement. Next the 
densitometer is removed from the subject while 
keeping the knob 19 tight so that the distance 
between the transducers 21 remains the same. The 
device 10 is then placed about or immersed in a 
standard material 32 with known acoustic proper- 
ties, such as by immersion in a bath of distilled 
water. The actuator button 12 is pressed again so 
that acoustic signals are transmitted from the 
transmit transducer 21 through the material 32 to the 
receive transducer 21. While it is advantageous to 
utilize the whole array of elements a through I for the 
measurement of the member, it may only be 
necessary to use a single pair of elements for the 
measurement through the standard assuming only 
that the standard is homogeneous, unlike the 
m mber. The signal profiles received by the two 
measurements are then analyzed by the micropro- 
cessor 38 and the signal processor 41 . This analysis 
can be directed both to the comparative time of 
transit of the pulse through the subject as compared 
to the standard and to the characteristics of the 
waveform in frequency response and attenuation 
through the subject as compared to the standard. 

Thus in this method the densitometer may 
determine the physical properties and integrity of 
th member 32 by both or either of two forms of 
analysis. The densitometer may compare the transit 
time of the acoustic signals through the member 
with the transmit time of the acoustic signals 
thr ugh the material of known acoustic properties, 
and/or the device 10 may compare the attenuation 
as a function of frequ ncy of the broadband acoustic 
signals through the member 32 with the absolut 
attenuation of corresponding specific frequency 



components of the acoustic signals through the 
material of known acoustic properties. The B attenua- 
tion" of an acoustic signal through a substance is 
the dimunition of the ultrasonic waveform from the 
5 propogation through either the subject or the 
standard. The theory and experiments using both of 
these methods are presented and discussed in 
Rossman, P. J., Measurements of Ultrasonic Veloc- 
ity and Attenuation In The Human Os Calcis and 
10 Their Relationships to Photon Absorptiometry Bone 
Mineral Measurements (1987) (a thesis submitted in 
partial fulfillment of the requirements for the degree 
of Master of Science at the University of Wisconsin- 
Madison). Tests have indicated that there exists a 
15 linear relationship between ultrasonic attenuation 
(measured in decibels) (db)) at specific frequencies, 
and those frequencies. The slope (dB/MHz) of the 
linear relationship, referred to as the broadband 
ultrasonic attenuation, is dependent upon the physi- 
20 cal properties and integrity of the substance being 
tested. With a bone, the slope of the linear 
relationship would be dependent upon the bone 
mineral density. Thus broadband ultrasonic attenua- 
tion through a bone is a parameter directly related to 
25 the quality of the cancellous bone matrix. 

The microprocessor 38 may therefore be pro- 
grammed so that the device determines the physical 
properties and integrity of the member by comparing 
either relative transit times and/or relative broad- 
30 band ultrasonic attenuation through the member 
and a material of known acoustic properties. When 
comparing the transit times, the microprocessor 38 
may be programmed most simply so that the 
electronics, having received the acoustic signals 
35 after they have been transmitted through the 
member, determines the "member" transit time of 
those acoustic signals through the member, and 
after the acoustic signals have been transmitted 
through the material of known acoustic properties, 
40 determines the "material" transit time of the acoustic 
signals through the material. These time periods may 
be measured most simply by counting the number of 
clock pulses of known frequency emitted by the 
timer 43 between the time of launching the pulse and 
45 the sensing of the received pulse at the A/D 
converter 42. The microprocessor 38 then makes a 
mathematical "time" comparison of the member 
transit time to the material transit time and then 
relates that mathematical time comparison to the 
50 physical properties and integrity of the member. The 
mathematical time comparison may be made by 
either determining a difference between the member 
transit time and the material transit time, or by 
determining a ratio between the member transit time 
55 and the material transit time. 

As a second method of using the densitometer, it 
may also determine the physical properties and 
integrity of the member 32 by determining and 
comparing the absolute attenuation of the broad- 
60 band frequency components of the acoustic signals 
through th member without r ference to a material 
having known acoustic properties. Using this 
method, the comparison of velocity to a standard is 
not necessary and absolute transit time of the puis 
65 need not be calculated since it is attenuation that is 
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measur d. In such a mode, it is preferable that the 
transmit transducer 21 transmits an acoustic signal 
which has a broad range of frequency components, 
such as a simple ultrasonic pulse. In any case, the 
acoustic signal should have at least one specific 
frequency component. 

In this attenuation comparison mode, the micro- 
processor 38 is programmed so that after the 
receive transducer 21 receives the acoustic signals 
transmitted through the bone member 32, it deter- 
mines the absolute attenuation through the member 
32 of the frequency component spectrum of the 
acoustic signais. It is to facilitate the measurement 
of attenuation that the excitation amplifier circuit 55 
and the receiver amplifier 59 have amplification 
levels which may be digitally controlled. By success- 
ively varying the gain of the amplifiers 55 and 59 on 
successive pulses, the circuit of Fig. 4 can determine 
what level of gain is necessary to place the peak of 
the received waveform at a proper voltage level. This 
gain is, of course, a function of the level of 
attenuation of the acoustic pulse during transit 
through the member 32. After the receive transducer 
21 receives acoustic signals, microprocessor 38 in 
conjunction with the signal processor 41 determines 
the absolute attenuation of individual specific fre- 
quency components of the received acoustic signal 
transmitted through the material. The digital signal 
processor 41 then makes mathematical "attenua- 
tion" comparisons of the corresponding individual 
specific frequency components through the mem- 
ber. A set of mathematical attenuation comparisons 
between corresponding frequency components may 
be thereby obtained, one comparison for each 
frequency component compared. The manner in 
which the attenuation functions with respect to 
frequency.can thus be derived. The microprocessor 
38 and digital signal processor 41 then relate that 
function to the physical properties and integrity of 
the member. 

Shown in Fig. 7 is a sample broadband ultrasonic 
pulse and a typical received waveform. To achieve an 
ultrasonic signal that is very broad in the frequency 
domain, i.e., a broadband transmitted signal, an 
electronic pulse such as indicated at 70 is applied to 
the selected ultrasonic transducer in the transmit 
array 21 which then resonates with a broadband 
ultrasonic emission. The received signal, such as 
indicated at 72 in Fig. 7 in a time domain signal plot, 
is then processed by discrete Fourier transform 
analysis so that it is converted to the frequency 
domain. Shown in Fig. 8 is a pair of plots of sample 
received signals, in frequency domain plots, showing 
the shift in received signal intensity as a function of 
frequency between a reference object and a plug of 
n oprene placed in the instrument. Fig. 9 illustrates 
a similar comparison, with Fig. 8 using relative 
attenuation in the vertical dimension and Fig. 9 using 
absolute power of the received signal. Both rep- 
resentations illustrate the difference in relative 
intensities as a function of frequency illustrating how 
broadband ultras nic attenuation varies from bject 
to object. The actual value calculated, broadband 
ultrasonic attenuation, is calculated by first compar- 
ing the received signal against the reference signal, 



then performing the discrete Fourier transform to 
convert to frequency domain, then performing a 
linear regression of the difference in attenuation 
" slope to derive broadband ultrasonic attenuation. 
5 The mathematics of the discrete Fourier transform 
are such that another parameter related to bone 
member density may be calculated in addition to, or 
in substitution for, attenuation. When the discrete 
Fourier transform is performed of the time-domain 

10 signal, the solution for each point includes a real 
member component and an imaginary member 
component. The values graphed in Figs. 8 and 9 are 
the amplitude of the received pulse as determined 
from this discrete Fourier transform by taking the 

15 square root of the sum of the squares of the real 
component and the imaginary component. The 
phase angle of the change in phase of the ultrasonic 
pulse as it passed through the member can be 
calculated by taking the arctangent of the ratio of the 

20 imaginary to the real components. This phase angle 
value is also calculated to bone member density. 

The microprocessor 38 may also be programmed 
so that the densitometer simultaneously performs 
both functions, i.e. determines both transit time and 

25 absolute attenuation of the transmitted acoustic 
signals, first through the member and then through 
the material with known acoustic properties. The 
densitometer may then both derive the broadband 
ultrasonic attenuation function and make a mathe- 

30 matical time comparison of the member transit tim 
to the material transit time. The microprocessor 38 
and digital signal processor 41 then relate both the 
time comparison along with the attenuation function 
to the physical properties and integrity, or density of 

35 the member 32. 

In yet another possible mode of operation the 
microprocessor 38 may be programmed so that the 
densitometer 10 operates in a mode whereby the 
need for calculating either the relative transit time or 

40 the attenuation of the acoustic signals through a 
material of known acoustic properties is eliminated. 
In order to operate in such a mode, the microproces- 
sor 38 would include a database of normal absolute 
transit times which are based upon such factors as 

45 the age, height, weight, race or the sex of the 
individual being tested as well as the distance 
between the transducers or the thickness or size of 
the member. This database of normal transit times 
can be stored in the non-volatile memory or could be 

50 stored in other media. When testing an individual in 
this mode, the relevant factors for the individual are 
placed into the microprocessor 38 to select the 
pertinent normal transit time based on those factors. 
The transducers 21 are placed on the bone member 

55 being tested as described above. When the actuator 
button 12 is pressed, the acoustic signals are 
transmitted through the member 32. The receive 
transducer 21 receives those signals after they have 
been transmitted through the member, and th 

60 electronics 31 then determine the "member" transit 
time of the acoustic signals through the m mber. 
The microprocessor 38 and digital signal processor 
41 then make a mathematical comparison of the 
measured member transit time to the selected 

65 database normal transit time, and relate the mathe- 
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matical time comparison to the physical properties 
and integrity, or density of the member, which is 
displayed. 

As an alternative output of the densitometer of the 
present invention, the digital display 18 could also 
include a display corresponding to the pattern of the 
array of elements on the face of the transducer 21 as 
s n in Fig. 3. This display could then display, for 
ach element a through I, a gray scale image 
proportional to the parameter, i.e. transit time or 
attenuation, being measured. This image may pro- 
vid a visual indication to an experienced clinician as 
to the physical properties of the member present in 
the patient. 

Shown in Fig. 6 is a circuit schematic for an 
alternative embodiment of an ultrasonic densi- 
tometer constructed in accordance with the present 
invention. In the circuit of Fig. 6, parts having similar 
structure and function to their corresponding parts 
in Fig. 4 are indicated with similar reference 
numerals. 

The embodiment of Rg. 6 is intended to function 
with only a single transducer array 21 which 
functions both as the transmit and the receive 
transducer array. An optional reflecting surface 64 
may be placed on the opposite side of the member 
32 from the transducer array 21 . A digitally controlled 
multiple pole switch 66, preferably an electronic 
switch rather than a physical one, connects the input 
to and output from the elements of the transducer 
array 21 selectively either to the excitation amplifier 
55 or to the controllable gain receiver/amplifier 
circuit 59. The switch 66 is connected by a switch 
control line 68 to an output of the microprocessor 

In the operation of the circuit of Fig. 6, it functions 
in most respects like the circuit of Fig. 4, so only the 
differences need be discussed. During the launching 
of an ultrasonic pulse, the microprocessor 38 
causes a signal to appear on the switch control line 
68 to cause the switch 66 to connect the output of 
the excitation amplifier 55 to the selected element in 
the transducer array 21 . Following completion of the 
launching of the pulse, the microprocessor 38 
changes the signal on the switch control line 68 to 
operate the switch 66 to connect the selected 
element or elements as an input to the amplifier 59. 
Meanwhile, the pulse propogates through the mem- 
fa r 32. As the pulse transits through the member, 
reflective pulses will be generated as the pulse 
crosses interfaces of differing materials in the 
member and, in particular, as the pulse exits the 
member into the air at the opposite side of the 
member. If the transition from the member to air 
does not produce a sufficient reflective pulse, the 
reflecting surface 64 can be placed against the 
opposite side of the member to provide an enhanced 
reflected pulse. 

The embodiment of Fig. 6 can thus b used to 
analyze the physical properties and integrity of a 
member using only one transducer 21. All of the 
methods described above for such measurements 
may be us d equally effectively with this version of 
th device. The transit time of the pulse through the 
memb r can be measured simply by measuring the 



time period until receipt of the reflected pulse, and 
then simply dividing by two. This time period can be 
compared to the transit time, over a similar distance, 
through a standard medium such as water. The time 

5 period for receipt of the reflected pulse could also 
be simply compared to standard values for age, sex, 
etc. Attenuation measurements to detect differential 
frequency measurement can be directly made on the 
reflected pulse. If no reflecting surface 64 is used, 

10 and it is desired to determine absolute transit time, 
the thickness of the member or sample can be 
measured. 

The use of the multi-element ultrasonic trans- 
ducer array for the transducers 21 , as illustrated in 

15 Fig. 3, enables another advantageous feature of the 
instrument of Figs. 1-9. Using prior art densitome- 
ters it was often necessary to precisely position the 
instrument relative to the body member of the 
patient being measured to have useful results. The 

20 difficulty arises because of heterogenics in the 
bone mass and structure of actual body members. A 
measurement taken at one location of density may 
be significantly different from a measurement taken 
close by. Therefore prior art instruments fixed the 

25 body member precisely so that the measurement 
could be taken at the precise location each time. 

The use of the ultrasonic transducer array obvi- 
ates the need for this precise positioning. Using the 
instrument of Figs. 1-9, the instrument performs a 

30 pulse and response, performs the discrete Fourier 
transform, and generates a value for bone ultrasonic 
attenuation for each pair of transducer elements a 
through I. Then the microprocessor 38 analyses the 
resulting array of bone ultrasonic density measure- 

35 ments to reproducibly identify the same region of 
interest each time. In other words, since the physical 
array of transducers is large enough to reliably cover 
at least the one common region of interest each 
time, the measurement is localized at the same locus 

40 each time by electrically selecting the proper 
location for the measurement from among the 
locations measured by the array. The instrument of 
Fig. 1-9 is conveniently used by measuring the 
density of the os calcis as measured through the 

45 heel of a human patient. When used in this location, 
it has been found that a region of interest in the os 
calcis can be located reliably and repeatedly based 
on the comparisons of bone ultrasonic attenuation 
at the points in the array. The region of interest in the 

50 os calcis is identified as a local or relative minimum in 
bone ultrasonic attenuation and/or velocity closely 
adjacent the region of highest attenuation values in 
the body member. Thus repetitive measurements of 
the bone ultrasonic attenuation value at this same 

55 region of interest can be reproducibly taken even 
though the densitometer instrument 10 is only 
generally positioned at the same location for each 
successive measurement. 

This technique of using a multiple element array to 

60 avoid position criticality is applicable to other 
techniques other than the determination of broad- 
band ultrasonic attenuation as described here. The 
concept of using an array and comparing the array of 
results to determine measurem nt locus would be 

65 equally applicabl to measurements taken of mem- 
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ber-density based on speed of sound transit time, 
other measurements of attenuation or on the 
calculation of phase angle discussed abov . Th use 
of such a multipi -element array, with automated 
selection of one elem nt in the region of interest, 
can also be applied to other measurement tech- 
niqu s useful for gen rating parameters related to 
bone member density, such as measuring speed 
changes in the transmitted pulse such as suggested 
in U.S. Patent 4,361,154 to Pratt, or measuring the 
fr quency of a "sing-around" self-triggering pulse as 
suggested in U.S. Patent 3,847,141 to Hoop. The 
concept which permits the position independence 
feature is that of ah array of measurements genera- 
ting an array of data points from which a region of 
interest is selected by a reproducible criterion or 
several criteria. The number of elements in the array 
also clearly can be varied with a larger number of 
el ments resulting in a greater accuracy in ident- 
ifying the same region of interest. 

In this way, the ultrasound densitometer of the 
present invention provides a device capable of rapid 
and efficient determination of the physical properties 
of a member in vivo without the use of radiation. 
Because the densitometer is constructed to operate 
under the control of the microprocessor 38, it can be 
programmed to operate in one of several modes, as 
discussed above. This ailows both for flexibility to 
clinical goals as well as efficient use of the device. 

It is specifically intended that the present inven- 
tion not be specifically limited to the embodiments 
and illustrations contained herein, but embraces all 
such modified forms thereof as come within the 
scope of the following claims. 



Claims 

1. An ultrasonic densitometer comprising: 

(a) a pair of ultrasonic transducers in 
spaced opposed relation; 

(b) an excitation amplifier connected to 
a first of the transducers ; 

(c) a receiver amplifier connected to 
receive the output of the second of the 
transducers; 

(d) a sampling digital-to-analog conver- 
ter connected to receive the output of the 
receiver amplifier; 

(e) a timer circuit to generate timing 
pulses; and 

(f) a microprocessor connected to con- 
trol the operation of the excitation and 
receiver amplifiers, the timer and the 
digital-to-analog converter, the micropro- 
cessor programmed (1) to cause the 
excitation amplifier to emit a series of 
pulses to launch an ultrasonic pulse from 
the first transducer, (2) for each pulse 
received by the receiver amplifier, to cause 
the analog-to-digital converter to sample a 
p rtion of the wav form rec iv d by the 
second transduc r, the microprocesor in- 
crementally causing said samples to be 
successively later for each successive 



pulse transmitted, (3) to store the digital 
output of each sample by the analog-to- 
digital converter, and (4) when the samp- 
ling of the pulse is completed, to output a 
5 series of digital values representing the 

analog waveform received by the second 
transducer. 

2. An ultrasonic densitometer of Claim 1 
wherein each transducer comprises an array 

10 including a plurality of elements, wherein the 

microprocessor is connected to. select single 
corresponding pairs of elements on the trans- 
ducers and wherein the microprocessor is 
further programmed to repeat the program 

15 steps of successive pulsing, sampling, and 

storing sequentially for each element in the 
array. 

3. An ultrasonic densitometer comprising: 
first and second spaced ultrasonic transducers, 

20 each of which includes an array of ultrasonic 

transducer elements; and 

electrical means connected to the transducer 
arrays for sequentially selecting corresponding 
sets of elements, launching ultrasonic pulses, 
25 sensing the receipt of the pulses and measuring 

the transit times of the pulses to create a series 
of pulse transit times over the face of the array. 

4. A method for measuring the physical 
properties and integrity of a member in vivo , at a 

30 given region of interest comprising the steps of: 

(a) providing an ultrasonic testing instrument 
having an array of ultrasonic transducer ele- 
ments; 

(b) positioning the testing instrument gener- 
35 ally in the area of the region of interest on the 

member; 

(c) launching ultrasonic signals successively 
from the elements in the array; 

(d) sensing the received ultrasonic signals 
40 launched from the elements; 

(e) deriving from the received ultrasonic 
signals at least one parameter related to the 
physical properties of the member at each point 
in the array; and 

45 (f) selecting among the parameters by crite- 

ria selected to repeatedly select a similar region 
of interest and using one of the parameters at 
that region of interest as an indication of th 
physical properties of the member at that 

50 region of interest. 

5. A method as claimed in Claim 4 wherein the 
ultrasonic testing instrument includes two 
corresponding transducer arrays and wherein 
one transducer array is used for launching in 

55 step (c) and the other transducer array is used 

in sensing in step (d). 

6. A method as claimed in Claim.4 wherein the 
ultrasonic testing instrument has a single 
transducer array which is used both for launch- 
es ing pulses in step (c) and for sensing them in 

step (d). 

7. A m th d as claim d in claim 4, 5 or 6, 
wh rein the instrument is positioned in st p (b) 
on the heel of the user and wherein the region 

65 of interest is in the os calcis. 
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8. A method as claimed in claim 4, 5, 6 or 7, 
wherein the derived param ter in step ( ) is 
broadband ultrasound attenuation, the time of 
transit of the ultrasonic pulse, the velocity of the 
ultrasonic pulse, the phase angle of the re- 5 
ceived ultrasonic pulse or the sing-around 
frequency obtained when received ultrasonic 
signals trigger transmission of new ultrasonic 
signals. 

9. A method for measuring physical proper- 10 
ties of a member in vivo comprising the steps 

of: 

(a) launching a series of ultrasonic 
pulses from a first transducer element into 

the member; 15 

(b) sensing the received ultrasonic sig- 
nal having passed through the member; 

(c) sampling the received ultrasonic 
signal during a series of time increments, 
different increments of different elapsed 20 
time from the launch of the pulse being 
samples during different pulses, a set of 

the sampled increments representing an 
entire received ultrasonic signal; 

(d) repeating steps (a) - (c) at least once 25 
so that at least two sets of sampled 
increments are stored; and 

(e) averaging the two sets of sampled 
increments to create a representation of 

the received signal having a diminished 30 
noise component. 

10. A method for measuring the physical 
properties and integrity of a member in vivo, 
comprising the steps of: 

(a) transmitting an acoustic signal 35 
through the member; 

(b) determining a member transit time of 
the acoustic signal through the member; 

(c) transmitting an acoustic signal 
through a standard material with known 40 
acoustic properties; 

(d) determining a standard material 
transit time of the acoustic signal through 
the standard material; 

(e) making a mathematical time compari- 45 
son of the member transit time to the 
material transit time; and 

(f) relating the mathematical time com- 
parison to the physical properties of the 
member. 50 

11. A method for measuring the physical 
properties and integrity of a member in vivo, 
comprising the steps of: 

(a) transmitting an acoustic signal 
through the member; 55 

(b) determining an absolute attenuation 
of at least one individual specific frequency 
component of the acoustic signal through 
th m mber; 

(c) transmitting a similar acoustic signal 60 
through a material with known acoustic 
properties; 

(d) determining an absolute attenuation 
of at least one corresponding individual 
specific frequency component of the 65 



acoustic signal through said material; 

(e) making a mathematical attenuation 
comparison of the absolute attenuation of 
the individual specific component through 
the member to the absolute att nuation of 
each corresponding specific frequency 
component through said material; and 

(f) relating the mathematical attenuation 
comparison to the physical properties and 
integrity of the member. 

12. A method for measuring the physical 
properties and integrity of a member in vivo, 
comprising the steps of: 

(a) transmitting an acoustic signal 
through the member; 

(b) determining a member transit time of 
the acoustic signal through the member; 

(c) selecting one of a plurality of normal 
transit times from a database of normal 
transit times; 

(d) making a mathematical comparison 
of said member transit time to the selected 
normal transit time; and 

(e) relating said mathematical compari- 
son to the physical properties and integrity 
of said member. 

13. A method for measuring the physical 
properties and integrity of a member in vivo, 
comprising the steps of: 

(a) transmitting a acoustic signal 
through the member; 

(b) determining a member transit time of 
the acoustic signal through the member; 

(c) determining an absolute attenuation 
of at least one individual specific frequency 
component of the acoustic signal through 
the member; 

(d) transmitting a acoustic signal 
through a material with known acoustic 
properties; 

(e) determining a material transit time of 
the acoustic signal through said material; 

(f) determining an absolute attenuation 
of at least one corresponding individual 
specific frequency component of the 
acoustic signal through said material; 

(g) making a mathematical time compari- 
son of said member transit time to said 
material transit time; 

(h) making a mathematical attenuation 
comparison of the absolute attenuation of 
the individual specific component through 
the member to the absolute attenuation of 
each corresponding specific frequency 
component through said material to obtain 
a set of mathematical attenuation compari- 
sons between corresponding frequency 
components; and 

(i) relating both said mathematical time 
comparison and said set f mathematical 
attenuation comparisons to the physical 
properties and integrity of said member. 

14. A method of measuring the physical 
properties and integrity of a member in vivo 
comprising the steps of 
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(a) adjusting a pair of transducers until 
they are arranged in contact with the 
member and fixing the distance between 
them; 

(b) launching an ultrasonic pulse 5 
through the member; 

(c) measuring the transit time of the 
pulse through the member; 

(d) removing the transducers from the 
member and placing them in a standard 10 
material of known acoustic properties 
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without varying the distance between 
them; 

(e) launching an ultrasonic pulse 
through the mat rials; 

(f) measuring the transit time of the 
pulse through the material; and 

(g) using the comparison of the transit 
time of the pulse through the member to 
the transit time of the pulse through the 
materia! as a measure of the physical 
properties and integrity of the member. 
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